Inflammatory responses in many cell types are coordinately regulated by the opposing actions of NF-B and the glucocorticoid receptor (GR). The human glucocorticoid receptor (hGR) gene encodes two protein isoforms: a cytoplasmic alpha form (GR␣), which binds hormone, translocates to the nucleus, and regulates gene transcription, and a nuclear localized beta isoform (GR␤), which does not bind known ligands and attenuates GR␣ action. We report here the identification of a tumor necrosis factor (TNF)-responsive NF-B DNA binding site 5 to the hGR promoter that leads to a 1.5-fold increase in GR␣ mRNA and a 2.0-fold increase in GR␤ mRNA in HeLaS3 cells, which endogenously express both GR isoforms. However, TNF-␣ treatment disproportionately increased the steady-state levels of the GR␤ protein isoform over GR␣, making GR␤ the predominant endogenous receptor isoform. Similar results were observed following treatment of human CEMC7 lymphoid cells with TNF-␣ or IL-1. The increase in GR␤ protein expression correlated with the development of glucocorticoid resistance.
I
nflammation is a multifaceted immune response that generates tissue damage. Proinflammatory cytokines such as tumor necrosis factor (TNF)-␣ and IL-1 initiate this cascade in part by activating the transcription factor NF-B, which in turn stimulates proinflammatory genes (1) (2) (3) . In contrast, corticosteroids are potent antiinflammatory agents. Recently, the mechanisms underlying the antiinflammatory actions of corticosteroids have indicated that ligand-bound glucocorticoid receptor (GR) interacts with nuclear localized NF-B and alters its ability to promote transcription (4) . The antagonism between NF-B and GR is mutual, such that NF-B can also abolish the transactivation of glucocorticoid-responsive genes (5, 6) . Additionally, glucocorticoids can also increase the expression of I-B (7, 8) . Thus, these two opposing regulatory systems appear inherently coupled in the control of the inflammatory response.
Glucocorticoid resistance can arise whereby the antiinflammatory effects of the corticosteroids are ablated, and several mechanisms have been suggested. For example, following chronic exposure to glucocorticoid, there is a down-regulation of the glucocorticoid receptor (GR␣) at both the mRNA and protein level (9, 10) . The phosphorylation status of the receptor also influences sensitivity and selectivity to glucocorticoids (11) . Cell type-specific expression of several GR coactivators and͞or corepressors could also contribute to glucocorticoid resistance.
When the human glucocorticoid receptor was first isolated and cloned, two distinct isoforms were described (12) . The alpha isoform binds hormone, translocates to the nucleus, and activates transcription of hormone-sensitive genes. The beta isoform does not activate known hormone-sensitive genes (13) . Whereas many studies have elucidated how GR␣ alters gene expression, little effort has been devoted to understanding the function of GR␤. GR␤ does not bind typical corticosteroids or antagonists, is predominantly located in the nucleus, and can attenuate the ligand-mediated transactivation of hormone-sensitive genes by GR␣ (13) (14) (15) . This dominant negative property of the GR␤ isoform makes it an attractive candidate to explain glucocorticoid resistance (16) (17) (18) .
We report here that a consensus NF-B sequence is located in the previously published (19) 5Ј-flanking sequences of the hGR gene, which is identical to that identified in the lymphotoxin (TNF-␤) gene (20) . Based on the relationship between NF-B and glucocorticoid signaling, we examined the potential for proinflammatory cytokines such as TNF-␣ and IL-1 to regulate hGR isoform expression. We show that TNF-␣ leads to the selective accumulation of GR␤ protein and the development of a state of glucocorticoid resistance.
RPMI-1640 containing 100 units/ml penicillin, 100 g/ml streptomycin and supplemented with 2 mM glutamine and 10% FCS. Cultures were maintained at 37°C in a humidified atmosphere of 5% CO 2 (HeLaS3 and COS1) or 7% CO 2 (CEMC7). Subconfluent monolayers of COS1 cells were transfected by using DMRIE-C reagent (GIBCO͞BRL).
Reverse Transcription (RT)-PCR. Total RNA from HeLaS3 cells treated with TNF-␣ or vehicle was isolated by using TriZol Reagent (Life Technologies, Grand Island, NY). cDNA was prepared and amplified by using the hGR␣ and hGR␤ primers previously described (13) . Amplified DNA fragments were electrophoretically fractionated on 1.75% agarose gels. Restriction enzyme analysis of the RT-PCR products amplified by the hGR␣-and hGR␤-specific primers confirmed that these fragments contained the appropriate sequences.
Semiquantitative RT-PCR. RNA was reverse transcribed, and the resulting cDNA was amplified as described. Five microliters of the PCR reaction was removed at 2-cycle intervals and electrophoresed on 1.75% agarose gels stained with ethidium bromide. The intensity of the ethidium bromide fluorescence was measured densitometrically and plotted as a function of cycle number to generate amplification curves for the GR␣ and GR␤ PCR fragments. The amplification efficiencies for the GR␣ and GR␤ fragments were nearly identical.
Immunocytochemistry. HeLaS3 cells were placed in two-chamber glass slides in JMEM supplemented with 4% dextran-coated charcoal-treated serum. The cells were incubated for 24 h with either TNF-␣ (1 ng/ml) or vehicle and subsequently treated with 100 nM dexamethasone (DEX) for 1 h. Cells were fixed and processed as previously described (14, 21, 23, 24) . Image analysis was performed by using the video image analysis software NIH Image 1.56 for the Power PC (National Institutes of Health, Bethesda, MD).
Western Blot Analysis. Extracts from HeLaS3 or CEMC7 cells, which were treated with TNF-␣ or IL-1 as stated or vehicle, were prepared as described (25) (26) (27) (28) . Membranes were then incubated with epitope-purified polyclonal anti-hGR␣ (AShGR) or antihGR␤ (BShGR) at a dilution of 1:500 or anti-hGR (no. 57) antibody at a dilution of 1:1,000. Immunoreactivity was detected by using enhanced chemiluminescence (ECL, Amersham Pharmacia). For the homologous down-regulation studies, COS1 cells were transfected with either hGR␣ or hGR␤ as described. Eighteen hours posttransfection, the cells were treated with 100 nM DEX or vehicle for 24 h, and extracts were prepared for Western blotting.
Half-Life Studies of hGR mRNA and Protein. Turnover of GR␣ and GR␤ mRNA was determined by semiquantitative RT-PCR of GR␣ and GR␤ mRNA obtained from actinomycin D-treated HeLaS3 cells. Twenty-four hours after treatment with TNF-␣ (1 ng/ml), the cells were treated with actinomycin D (1 g/ml). Total RNA was isolated at time points from 0 to 9 h. Western analysis was used to measure receptor protein half-life. Twentyfour hours after treatment with TNF-␣ (1 ng/ml), the cells were treated with cycloheximide (1 M). Whole cell lysates were prepared at various time points from 0 to 48 h.
Luciferase Assays. Cells were transfected as described, and luciferase assays were performed according to the manufacturer's instructions (Analytical Luminescence Laboratory, San Diego). Luciferase activity was reported in relative light units with a coefficient of variance calculated for triplicate samples.
Chloramphenicol Acetyltransferase (CAT) Assays. HeLaS3 cells were transfected with the GRE2-TATA-CAT reporter plasmid that contains a tandem repeat of a consensus glucocorticoid response element (GRE) (22, 29) . After transfection, cells were treated with TNF-␣, DEX, or vehicle and allowed to incubate for 24 h. Cell extracts were prepared and analyzed as previously described (30) .
Alkaline Phosphatase Assay. To determine the effect TNF-␣ had on an endogenous glucocorticoid-responsive gene, alkaline phosphatase activity was measured in HeLaS3 cells incubated for 24 h with either TNF-␣ (1 ng/ml) or vehicle and subsequently treated with 100 nM dexamethasone for 16 h (31).
Results

NF-B-Mediated
Regulation of GR␣ and GR␤ Expression. NF-B represses the ability of GR␣ to activate glucocorticoidresponsive promoters (4, 6) via a physical interaction between NF-B and GR␣ in the nucleus; however, whether NF-Bmediated changes in GR␣ and͞or GR␤ expression contributes to this antagonism is unknown. To address this question, we treated HeLaS3 cells, which endogenously express both GR isoforms, for 24 h with or without the cytokine TNF-␣. Semiquantitative RT-PCR was then performed on the isolated RNA with primers specific for hGR␣ mRNA, hGR␤ mRNA, and ␤-actin mRNA. Representative amplification curves are shown (Fig. 1) . From the exponential phase of the amplification curve, we measured a 1.5-fold increase in GR␣ mRNA and a slightly greater 2.0-fold increase in GR␤ mRNA following TNF-␣ treatment. This small change in cellular GR mRNA levels is typical of the response of this promoter to other agents (32) . We next evaluated whether TNF-␣ treatment altered the GR␣ and GR␤ protein levels by immunocytochemistry. HeLaS3 cells were treated with or without TNF-␣ for 24 h by using well characterized antipeptide antibodies specific for GR␣ or GR␤. DEX was added during the last hour of treatment to promote the nuclear localization of GR␣ and facilitate its comparison with the constitutively nuclear GR␤ isoform. As shown in Fig. 2A , both receptor isoforms increased in response to TNF-␣; however, the increase in GR␤ was greater than that observed for GR␣. Quantitation of these data ( Fig. 2B) indicates the intensity for GR␣ staining was 52.6 in the control cells and 97.1 in the TNF-␣ treated cells, representing a 1.8-fold increase in GR␣ protein. In contrast, the mean intensity for GR␤ staining was 40.8 in control cells and 194 in Fig. 1 . GR␤-specific mRNA increases after cytokine treatment. Total RNA from HeLaS3 cells was isolated, and RT-PCR was performed on 0.5 g total RNA per treatment group by using hGR␣-and hGR␤-specific primers. Primers specific for actin were used as an internal control.
TNF-␣ treated cells, representing a 4.8-fold increase in GR␤ protein.
The effects of TNF-␣ on GR␣ and GR␤ protein expression were further examined by Western blot analysis. We observed a modest 1.5-fold increase in GR␣ protein levels following a 24-h treatment with TNF-␣ (1 ng/ml), whereas GR␤ increased by 3.5-fold. The preferential increase in GR␤ was both dose and time dependent. The highest concentration of TNF-␣ tested produced a 2-fold increase in GR␣ and a 4.5-fold increase in GR␤ (Fig. 3A) . The longest duration of TNF-␣ treatment produced a 2-fold increase in GR␣ and a 4.0-fold increase in GR␤ (Fig. 3B) . Therefore, consistent with the immunocytochemical analysis, both GR isoforms increased following TNF-␣ treatment of HeLaS3 cells; however, GR␤ accumulated in cells to a greater extent than GR␣.
Immune cells are often the primary mediators of inflammatory response and, as such, are subject to glucocorticoid regulation. Therefore, we evaluated whether the preferential increase in GR␤ was also induced by TNF-␣ in cells of lymphoid origin. We used CEMC7 cells, a human lymphoid cell line known to express both GR␣ and GR␤ (33) . Immunoblots were performed with the AShGR and BShGR specific antibodies on CEMC7 cells treated with or without TNF-␣ (Fig. 4A ). Similar to our findings in HeLaS3 cells, TNF-␣ treatment of the CEMC7 cells produced a 1.5-fold increase in GR␣ but a 4.0-fold increase in GR␤. To determine whether other activators of NF-B also preferentially increased GR␤, we treated both HeLaS3 and CEMC7 cells with IL-1 (34) and evaluated the expression of GR␣ and GR␤. As shown in Fig. 4A , IL-1 treatment produced a modest 1.5-fold increase in GR␣ and a greater 4.0-5.5-fold induction in GR␤. Therefore, the preferential increase in GR␤ is mediated by two different activators of NF-B and occurs in cells of both epithelial and lymphoid origin.
Because different antibodies were used to evaluate the relative changes in the levels of GR␣ and GR␤, it is impossible to determine the precise ratio of accumulated GR␣ and GR␤ protein in these cells following proinflammatory insult by TNF-␣. To address this issue, we evaluated the relative ratios of GR␣ and GR␤ in HeLaS3 cells treated for 24 and 48 h with or without TNF-␣ and then immunoblotted by using an antibody directed toward a common epitope in each receptor isoform. The data in Fig. 4B show that the ratio of GR␣ to GR␤ in untreated cells (CON) is Ϸ4:1, whereas after a 24-h treatment Fig. 2 . Immunostaining of the GR isoforms by using isoform-specific epitopepurified polyclonal antibodies. (A) HeLaS3 cells were treated with 1 ng/ml TNF-␣ or vehicle for 24 h followed by treatment with 100 nM dexamethasone for one hour (TNF) or vehicle (CON). Cells were fixed and processed as described (14, 21, 23, 24) . (B) Image analysis of the fluorescent staining was performed by using NIH Image 1.56. Mean peak intensities were calculated for each isoform with and without exposure to TNF. with TNF-␣ (24H TNF), the ratio is Ϸ1:1, and after treatment with TNF-␣ for 48 h (48H TNF), the ratio of GR␣ to GR␤ is 1:2. These data conclusively show that TNF-␣ treatment of HeLa S3 cells results in a condition where GR␤ becomes the predominant cellular receptor.
Mechanism of NF-B-Mediated Regulation of GR␣ and GR␤ Expres-
sion. Activation of NF-B leads to an increase in both GR isoforms; however, GR␤ increases to a greater extent than GR␣. To elucidate the mechanism(s) responsible for these changes in GR expression, we first searched the human GR promoter for potential NF-B binding sites. An NF-B consensus sequence, GGGGCTTCCC, was found between Ϫ1739 and Ϫ1730 relative to the transcription start-site (19) . Evaluation of this putative NF-B binding site was performed by placing it upstream of a thymidine kinase promoter driving the expression of a luciferase reporter. Coexpression of the p65 subunit of NF-B resulted in a 6-fold increase in luciferase activity over that measured in cells expressing the pNF-B-tk-LUC reporter alone (Fig. 5B) . These results suggest that the NF-B binding site found in the GR promoter is probably functional in vivo and indicates that the cytokine-mediated increase in both GR␣ and GR␤ mRNA may be because of an NF-B induced increase in transcription of the GR gene. However, the effect of NF-B on the GR promoter would be expected to increase both isoforms similarly, and although our data clearly show slightly more GR␤ mRNA accumulating in cells, this small increase in GR␤ mRNA over GR␣ mRNA probably cannot account for the increase in GR␤. This disproportionate increase in GR␤ protein suggests that other components of the GR␣ and GR␤ expression and catabolism pathways are involved. Therefore, we tested whether cytokine treatment differentially altered the stability of the GR␣ and GR␤ mRNA and͞or the GR␣ and GR␤ protein. As shown in Fig. 6A , TNF-␣ treatment had no apparent effect on the stability of either the GR␣ or the GR␤ mRNA. The mRNA half-life was Ϸ6 h for both GR isoforms in the absence and presence of TNF-␣. Similarly, TNF-␣ treatment did not appear to effect the stability of the GR␣ and GR␤ proteins (Fig. 6B) . Interestingly, the half-life of the GR␣ protein at 24 h was consistent with previous findings in transfected cells (11) , whereas the half-life of the GR␤ protein was 48 h in the absence and presence of TNF-␣. One property that determines the level of GR␣ is ligand-dependent downregulation, which is known to reduce the half-life of GR␣ protein to 10 h (11). The ability of GR␤ to undergo ligand-dependent down-regulation is unknown as it does not bind ligand. Comparison of the ability of transfected GR␣ and GR␤ to undergo ligand-induced down-regulation in Fig. 6C clearly shows that GR␣ down-regulates in response to glucocorticoid (DEX), whereas GR␤ does not.
NF-B-Mediated Regulation of GR␣ and GR␤ Expression Produces
Glucocorticoid Resistance. GR␤ has been shown to act as a dominant negative by repressing the transcriptional activity of GR␣ (15) . It has also been reported to be preferentially increased over GR␣ in patients suffering from both generalized and tissue-specific glucocorticoid resistances (18, (35) (36) (37) . Therefore, we next evaluated whether the cytokine-mediated selective up-regulation of GR␤ resulted in altered sensitivity to glucocorticoids. HeLaS3 cells were transfected with a glucocorticoidresponsive reporter plasmid. Treatment with DEX produced a 20-fold induction in CAT activity over that measured in untreated control cells (Fig. 7A) but only a 4-fold increase in CAT activity in cells pretreated with TNF-␣. We also analyzed the effect of TNF-␣ on GR␣-mediated activation of the endogenous glucocorticoid-responsive alkaline phosphatase activity. This endogenous response was also completely abolished in cells pretreated with TNF-␣. Direct protein interaction and antagonism between p65 and GR␣ are unlikely to account for the inhibition of GR␣ activity because the nuclear level of p65 in TNF-␣ treated cells had returned to that found in control cells (Fig. 7C) . These findings suggest that prolonged exposure to cytokines can produce glucocorticoid resistance in cells by mechanisms involving the cellular accumulation of the dominant negative GR␤ protein. Unlike GR␣, this receptor isoform is not susceptible to homologous down-regulation in the presence of hormone and persists in cells despite glucocorticoid administration.
Discussion
The molecular processes whereby inflammatory responses are abrogated by glucocorticoids are poorly understood. There is evidence, however, that a primary signal for the inflammatory process to occur is mediated by the transcription factor NF-B. The glucocorticoid receptor and NF-B family members antagonize each other's transactivation functions in the nuclear compartment of the cell (4-6). Alternatively, it is possible that NF-B-mediated changes in the levels of GR␣ and͞or GR␤ play a role in this mutual antagonism. We report here the discovery of an NF-B consensus-binding element located in the 5Ј-flanking sequences of the hGR promoter and show that this element is functional. We examined whether activation of NF-B by the proinflammatory cytokine TNF-␣ would have any direct effect on GR levels in a human cell line and found that there was a disproportionate increase in GR␤ over GR␣. The selective increase in the levels of the beta isoform was both dose and time dependent and occurred in both epithelial and lymphoid cells. Additionally, another proinflammatory cytokine (IL-1␤), which also activates NF-B, also disproportionately increased GR␤. To determine whether activation of NF-B by proinflammatory cytokine signals would lead to an alteration in the levels of GR␣-and GR␤-specific mRNAs, semiquantitative RT-PCR was used. Treatment with TNF-␣ resulted in a slight increase in GR␤-specific mRNA over GR␣-specific mRNA that could only partially account for the large differences observed between the two receptor protein isoforms. Cytokines may regulate mRNA stability leading to a state whereby the alpha-specific message is destabilized or the beta-specific message is more stable after cytokine treatment; however, our studies do not support this possibility, as there was no apparent alteration in either isoform mRNA half-life when TNF-␣ was present. When we examined the protein half-life of each isoform, we again saw no differences between the half-life of each isoform when treated with cytokine. Interestingly, the beta isoform of the receptor had a much longer protein half-life than the alpha isoform, and, unlike GR␣, GR␤ was not subject to ligand-dependent homologous downregulation. However, the mechanism responsible for the selective increase in GR␤ protein remains to be established.
The most striking result was that the pretreatment of cells with a proinflammatory cytokine resulted in the abolition of hormone-mediated transactivation of a glucocorticoid-responsive gene by ligand. Expression from both an endogenous and a transiently transfected reporter were completely repressed after cytokine treatment when GR␤ accumulated in the cells. Although we cannot completely rule out that a component of this resistance is mediated by a direct antagonism of GR␣ with NF-B, it is clear that nuclear p65 had returned to control levels before our analysis. Previous studies (13) (14) (15) have shown in transient transfection systems that GR␤ acts as a dominant negative regulator of GR␣ gene transactivation. In these studies, much higher levels of GR␤ plasmid were required to achieve this dominant negative effect. However, it was impossible to discern the precise cellular ratio of GR␣ and GR␤. Our new data indicate that much lower levels of GR␤ protein can achieve the dominant negative function previously observed. Recently, Pariante et al. (38) also demonstrated that another proinflammatory cytokine, IL-1␣, was able to moderately attenuate dexamethasone action in mouse L929 cells. This observation suggests that proinf lammatory cytokines can also affect glucocorticoidmediated functions. Although some of the repression they observed might be because of direct physical antagonism between GR␣ and NF-B, the increase in GR␤ cannot be discounted because its action parallels the late effect glucocorticoids have on NF-B by up-regulating the IB inhibitor (7, 8) .
In this situation, both transcription families repress each other's function by both direct interactions and by increasing the availability of cognate repressors. Chronic inflammation is a consequence of numerous disease states such as rheumatoid arthritis, systemic lupus erythematosus, and arteriosclerosis, which all progress with inflammatory components (39) (40) (41) . Corticosteroids have long been used in treatment regimes for these diseases (41) (42) (43) (44) (45) (46) as well as Alzheimer's disease in which an inflammatory response has been characterized (47) (48) (49) . However, states of steroid resistance often develop after prolonged treatment with glucocorticoids (50) (51) (52) (53) . Unfortunately, the molecular mechanisms underlying the development of glucocorticoid resistance are poorly understood.
Our studies identify a possible molecular mechanism by which glucocorticoid resistance is achieved because of cumulative levels of a dominant negative GR␤ isoform. Prolonged exposure to proinflammatory cytokines allows for large increases in the steady-state levels of the dominant negative beta isoform of the glucocorticoid receptor thwarting the action of GR␣. This preferential increase in the beta isoform of the human glucocorticoid receptor has also been seen in disease states resistant to glucocorticoid therapy. Recently, there have been reports (17, 36, 54) on increases in GR␤ levels in T cells in the airway, peripheral blood mononuclear cells, and in tuberculin-induced inflammatory lesions in glucocorticoid-insensitive asthmatics. In another report, higher levels of GR␤ were found in 10 of 12 patients with glucocorticoid-resistant colitis (37) . Additionally, Hauk et al. (55) have demonstrated that isolated peripheral blood mononuclear cells, when stimulated with various superantigens, became insensitive to glucocorticoids, and this insensitivity is believed to be the result of increased GR␤. These studies underscore the importance of the beta isoform in human disease states and suggest that a strong correlation exists between inflammation, the expression of GR␤, and resistance to glucocorticoids.
